Head-twitch response DOI 5-HT 2A serotonin receptor In vivo electrophysiology a b s t r a c t
Introduction
Cortical pyramidal neurons (CPNs) are a major source of glutamate-mediated excitatory drive on medium-sized spiny neurons (MSNs), which account for >90% of the neuronal population in dorsal striatum (Gerfen and Bolam, 2010; Deng et al., 2015) . Corticostriatal connectivity plays a key role in cognition, learning, behavioral control and movement (Pennartz et al., 2009; Santos et al., 2014; Shepherd, 2013) . This connectivity is monosynaptic such that glutamatergic CPNs send projections to striatum, but striatum communicates only indirectly with cortex through subcortical networks (Harris and Shepherd, 2015) . Disruptions in this connectivity have been linked to multiple neurological and neuropsychiatric conditions including obsessive-compulsive disorder, Tourette's syndrome and schizophrenia (Estrada-S anchez et al., 2015; Shepherd, 2013) . Interestingly, the substituted amphetamine, 2,5-dimethoxy-4-iodoamphetamine (DOI), a hallucinogen that binds primarily to serotonin 5HT 2A receptors, has been used as a tool for studying these conditions. Although DOI does not mimic the entire symptom profile in each case, the drug induces a rapid, lateral movement of the head, known as the head-twitch response (HTR), which has been shown to have predictive validity for assessing potential pharmacological treatments (Canal and Morgan, 2012) . For example, we reported that highly selective D 3 dopamine receptor ligands as well as antipsychotic drugs, which are known to block D2-like dopamine receptors, attenuate the DOIinduced HTR (Rangel-Barajas et al., 2014 , 2015 . However, despite ample information about DOI-induced changes in consciousness and sensory perception leading to hallucinations (Nichols, 2004) , behavior-related changes in corticostriatal activity produced by DOI are largely unknown.
We assessed three major aspects of DOI-induced behavioral modulation of corticostriatal processing. First, we analyzed the effects of DOI in freely behaving animals on the overall firing rate and pattern of individually isolated spike trains, which allowed us to assess the extent of correlated activity between simultaneously recorded neuron pairs, a process known to be altered by neurodegenerative disease and drugs of abuse (Ball et al., 2010; Miller et al., 2008; Walker et al., 2008) . We also assessed changes in burst firing as a measure of information transmission and neuroplasticity (Izhikevich et al., 2003) . Second, we simultaneously recorded local field potentials (LFPs), which, by capturing the activity of thousands of neurons in the vicinity of the recording electrode, integrate synaptic processes that cannot be measured by observing spike activity alone (Einevoll et al., 2013) . Thus, LFPs provide information about the aggregated activity of relatively localized neuronal populations, including synaptic potentials and other low frequency events . We assessed the overall LFP phase relationship between M1 and striatum to determine the effects of DOI administration on corticostriatal connectivity. Third, to examine behavior-related modulation of corticostriatal connectivity, we also assessed corticostriatal LFP oscillations in relation to the DOI-induced HTR itself. Collectively, our results indicate that DOI modulates multiple aspects of corticostriatal processing to alter behavioral output.
Materials and methods

Animals
Data were obtained from male FvB/N mice supplied by Jackson Laboratories (Bar Harbor, Maine). All mice ranged in age from 20 to 39 weeks; they were kept under controlled conditions of humidity and temperature, with water and food available ad libitum and with a 12 h day/night cycle. All experiments were conducted during the light phase of the diurnal cycle. All animal procedures were carried out in accord with the conditions set forth by the Institutional Animal Care and Use Committee of Indiana University based on guidelines established by the National Institutes of Health.
Behavioral analysis
We assessed quiet rest (QR) periods before and after DOI treatment. QR was defined as the lack of overt motor activity. The HTR analysis, performed as previously described (Rangel-Barajas et al., 2014 , 2015 , was defined as a rapid left to right (or right to left) movement of the head, without involvement of the front paws. Any HTR that occurred immediately before or after grooming behavior was not considered in the analysis. Two observers counted the number of head-twitches by visual examination. The number of head-twitches was recorded for 5-min intervals; data are presented as the mean values obtained by two observers.
Surgical procedure
Some animals were anesthetized with a mixture of chloral hydrate (170 mg/kg) and sodium pentobarbital (40 mg/kg) in an intraperitoneal (i.p.) injection volume of 0.4 ml/100 mg. Mice were placed in a stereotaxic frame, two micro-electrode bundles, each consisting of four insulated stainless steel wires (25 mm diameter) and one uninsulated stainless steel ground wire (50 mm diameter), were unilaterally placed. One bundle was positioned in M1 (coordinates: þ0.5 mm anterior, ±1.4 lateral from bregma and À0.5 mm from dura) and one in dorsal striatum (þ0.8 mm anterior, ±2.2 lateral from bregma and À3.2 mm from dura) according to Paxinos and Franklin (2001) . The recording apparatus was secured with dental acrylic and two small stainless steel screws. All animals were allowed a week for recovery before the recording sessions began.
Electrophysiological recording
All electrophysiological recordings and data collection were performed as described previously (Estrada-S anchez et al., 2015) . Briefly, a lightweight wire harness equipped with field-effect transistors for unity gain was attached to the skull-mounted electrode assembly. The harness was attached to a swiveling commutator that permitted freedom of movement. We simultaneously recorded LFPs and extracellular spikes in M1 and dorsal striatum in mice behaving spontaneously in an open-field arena (26 Â 18 cm) located in a soundproof and electrically shielded chamber. LFP activity and spike trains were analyzed in conjunction with the Multichannel Acquisition Processor system (Plexon, Dallas, TX, USA). Electrophysiological signals were recorded for analysis for 30 min under basal conditions (untreated) followed by 30 min after DOI (5 mg/kg, ip).
Spikes were first identified by oscilloscope at a voltage threshold !2.5 times background noise. Approximately 800 waveform samples were sorted and collected to define templates based on principal component analysis. Spike-2 software (Cambridge Electronic Design Cambridge, England) was used to confirm the accuracy of signal isolation. Classification of presumed CPNs and MSNs followed previously established criteria (McCormick et al., 1985; Wilson, 1993) . Presumed interneurons, identified as fast spiking units (!10 Hz) with short-duration (<1 ms) waveforms, were not considered for analysis.
Videotapes of behavior were analyzed both before (basal) and after DOI treatment. To assess behavior-related changes in electrophysiological activity, we focused on LFP activity during periods of QR and DOI-induced HTR. The time at which both behaviors occurred were identified from the videotape and analyzed in conjunction with LFP activity.
Drug
2,5-dimethoxy-4-iodoamphetaminehydrochloride (DOI) was purchased from Sigma Aldrich Research Biochemicals Inc. A dose of 5 mg/kg was selected based on the intensity and frequency of DOIinduced HTR as described in our previous work (Rangel-Barajas et al., 2014 , 2015 . Control animals received vehicle injections (ip).
Histology
Upon completion of recording, mice were deeply anesthetized and a current (30 mA) was applied through each micro-wire to mark the recording location. Animals were transcardially perfused and brains were removed and preserved as previously reported . Coronal sections (50 mm) were analyzed for electrode placement confirmation.
Data analysis
Single-unit spike and LFP activity were analyzed with NeuroExplorer 4.13 (Nex Technologies Littleton, MA, USA) in conjunction with written MATLAB scripts (Matworks, Natick, MA, USA). Firing rate was calculated as spikes/s. We also measured the mean inter-spike interval (ISI) and the coefficient of variation (CV) of the ISIs (CV ISIs) as previously reported (Miller et al., , 2011 . Burst firing consists of a sudden onset of a cluster of action potentials occurring at a fast rate (Homayoun et al., 2005) . We analyzed bursting activity using the Poisson surprise method (Legendy and Salcman, 1985) . This method defines a burst as a group of spikes in which several successive ISIs do not follow a Poisson distribution (Boraud et al., 2002; Miller et al., 2008) . The surprise value is defined as the negative natural logarithm of the probability that a series of spikes in a given time interval is significantly different from that expected from a Poisson process with the same mean firing rate, providing an estimate of the statistical significance of each burst in the spike train. In accord with previous studies, we used a surprise value of five, which estimates that a burst occurs approximately 150 times more often (p < 0.007) than would be expected with the same mean firing rate (Homayoun et al., 2005; Miller et al., 2008) . Therefore, the surprise value is an index of how intense or "surprising" the ISI of a particular burst is in relation to other ISIs in the same spike train. This method can detect not only burst rate but several parameters of bursting including: the percentage of spikes in a burst, the mean number of spikes within a burst, mean burst duration, mean burst surprise, and mean inter-burst interval. The surprise method is well established for detecting bursts in presumed striatal MSNs (Stanford and Gerhardt, 2001; Miller et al., 2008) .
To assess correlated activity between two spike-trains, crosscorrelation histograms were constructed for each pairwise comparison . Synchronous firing between two spiketrains was identified by 99% confidence intervals. Statistically significant peaks indicate correlated activity. Cross-correlation histograms were performed within and between cortical and striatal spike-trains.
LFP power spectral densities were analyzed in relation to instances of specific behavioral events (QR and HTR). LFPs were assessed by frequency decomposition using Fourier transforms as previously described (Hong et al., 2012) . Start and stop times for each behavioral episode were marked and corresponding LFPs were analyzed. We constructed mean power spectral density (PSD) histograms and peri-event spectrograms for QR and HTR averaged across repeated instances of the same behavior and the results were imported to MATLAB for further analysis. The area under the curve (AUC) from the normalized PSD was calculated for individual frequency bands. We focused on delta (1e4 Hz), theta (4e7 Hz), alpha (7e13 Hz), beta (13e30 Hz), and low gamma (30e50 Hz) oscillations.
Further analysis was performed on the cross-power spectra from M1 and dorsal striatum to obtain coherence and relative phase values across frequency bands. Coherence values ranged from 0 to 1; a value of 1 represents perfect synchrony between M1 and dorsal striatum. Relative phase values ranged from À180 to 180 , where 0 relative phase indicates an in-phase corticostriatal relationship and ±180 indicates an anti-phase pattern. Since M1 was used as a reference signal, a positive phase value indicates that M1 leads, while negative value indicates that striatum leads.
Statistical analysis
Statistical analysis was performed with Prism 6.0a GraphPad Software (San Diego, CA, USA). Significance for all statistical comparisons was set at p 0.05. The nonparametric Friedman test followed by Dunn's test was used to analyze the HTR over time. Firing rate and burst analysis (burst rate, mean spikes in burst, mean inter-burst interval, percentage of spikes in a burst, mean burst duration and mean burst surprise) and coherent LFP frequency oscillations were analyzed with the matched-paired Wilcoxon test. Cross-correlation histograms were analyzed by Chisquare in conjunction with Fisher's test to calculate the exact p value. The AUC of the power spectral density histograms was calculated using the trapezoidal method and frequency oscillations were analyzed by the Kruskal-Wallis test followed by Dunn's multiple comparisons test.
Results
We first confirmed that 5 mg/kg DOI could elicit a robust dataset of HTRs in FvB/N mice because the frequency of the DOI-induced HTR varies with mouse strain (Canal et al., 2010; Canal and Morgan, 2012; Rangel-Barajas et al., 2014) . We then recorded electrophysiological signals in M1 and dorsal striatum in additional animals to determine: (1) how this dose alters the basal firing patterns of presumed CPN and MSN neurons as mice behave spontaneously; and (2) how M1 and striatal processing, as measured by LFP activity, changes during spontaneous behavior and during the HTR.
The DOI-induced HTR in FvB/N mice
Administration of DOI (5 mg/kg ip) in FvB/N mice (n ¼ 8) induced 75.8 ± 1.30 HTRs over a 30-min recording period (Fig. 1A) . In line with our data from other mouse strains (Rangel-Barajas et al., 2014 , 2015 , the DOI-induced HTR in FvB/N mice peaked between 5 and 10 min after injection and decreased over time (Fig. 1B) . Furthermore, the number of head-twitches was equivalent to the number reported previously for Swiss albino mice (Darmani et al., 1990) . Thus, our data establish that 5 mg/kg DOI is sufficient to elicit a robust HTR dataset in the FvB/N strain.
Firing patterns of presumed CPN and MSN units in spontaneously behaving mice before and after DOI
We recorded 63 individually isolated units in M1 and 50 in dorsal striatum in a separate group of 16 FvB/N mice (4 with vehicle and 12 with DOI) that behaved spontaneously in an open field. Both M1 and striatal neurons showed spike waveforms ( Fig. 2A, H ) and pre-drug firing rates of 5.3 ± 0.7 and 6.4 ± 1.3 spikes/s consistent with presumed CPN and MSN activity, respectively Walker et al., 2008) .
For the 30-min post-injection period, DOI significantly decreased overall firing in both M1 (p < 0.001) and striatum (p < 0.0001) relative to pre-drug activity (Fig. 2B, I ). Although no changes were found in the CV ISI in either location (Fig. 2C, J) , the mean ISI was significantly increased in M1 (p < 0.05) and striatum (p < 0.01) (Fig. 2D, K) . The lack of change in the CV ISI suggests that DOI induced an overall decrease in activity rather than a change in spike-train variability.
Further analysis showed that DOI also disrupted the pattern of spike activity. There was a significant increase in the percentage of spikes within a burst in both M1 (p < 0.05) and striatum (p < 0.05) relative to the pre-drug baseline (Fig. 2E, L) . The mean burst duration was also increased after DOI administration in both M1 (p < 0.0001) and striatum (p < 0.001) (Fig. 2F, M) , while the mean burst surprise significantly increased in M1 (p < 0.01) but not in striatum (Fig. 2G, N) . Other burst parameters (burst rate, mean number of spikes within a burst, and mean inter-burst interval) remained unchanged by DOI (data not shown).
To assess the extent of correlated activity between simultaneously recorded neuron pairs, we constructed cross-correlation histograms for all recorded units. Representative histograms are shown in Fig. 3 (right panel) ; peaks at or above the 99% confidence interval (broken lines) indicate synchronous firing. After DOI treatment the number of correlated neurons increased (Fig. 3 left panel) in striatum (from 10 to 27 neurons; c 2 ¼ 13 df ¼ 1, p < 0.001) and between M1 and the striatum (from 6 to 19 neurons; c 2 ¼ 8.2 df ¼ 1, p < 0.01). A trend in the same direction was found in M1
(from 9 to 18 neurons; c
Vehicle had no effect on firing rate or any of the bursting patterns examined (data not shown).
Effect of DOI on LFP activity
We analyzed LFP activity to assess behaviorally relevant synaptic processes that cannot be determined by spike data alone. We first examined DOI-induced changes in LFP coherence between M1 and striatum throughout the period of spontaneous behavior (Fig. 4) . DOI significantly decreased the coherence value of delta, theta, alpha, and beta oscillations (p < 0.001), while low gamma oscillations were significantly increased (p < 0.001) (Fig. 4A and  inset) . In addition, coherence phase was significantly decreased by DOI for delta (p < 0.05), alpha, and beta (p < 0.001), but increased (p < 0.001) for low gamma oscillations (Fig. 4B, C) . The negative phase value with M1 as the reference signal indicates that striatum leads M1 in the DOI-induced disruption of LFP activity.
When we focused specifically on HTRs, we found a marked increase in low frequency power in dorsal striatum and a similar though less dramatic trend in M1. This change was most evident during the first 10 min after DOI injection when the number of DOIinduced HTRs is at its peak. Representative LFP spectrograms from M1 and striatum for the 30-min periods before (Fig. 5A, C) and after DOI treatment (Fig. 5B, D) show that major changes in power occur in striatum (Fig. 5D ) in parallel with the HTR time course.
To assess this relationship in more detail, we evaluated LFP activity during 10 randomly selected QR and HTR episodes from each animal before and after DOI. Sample LFP traces from one recording are shown for episodes of QR before and after DOI and for DOIinduced HTR (Fig. 5E) ; boxes indicate the 2 s window around the time when the behavioral event occurred. Mean PSD histograms were constructed and the AUC was calculated for delta, theta, alpha, and beta oscillations in each brain region. There was a significant Fig. 2 . Multiple measures of neuronal activity before and after DOI administration in M1 and dorsal striatum. A and H Putative cortical pyramidal and medium-sized spiny neuron waveforms recorded from M1 and dorsal striatum. These waveforms are representative of all M1 (n ¼ 51) and striatal (n ¼ 42) neurons used for data analysis. Scale indicates 25 mV (vertical) and 300 ms (horizontal). B and I: Firing rate. DOI significantly decreases firing rate in both M1 and dorsal striatum (***p < 0.001 and ****p < 0.0001, respectively). C and J: CV ISI. No significant effect induced by DOI on CV ISI was noted in either M1 or striatum (p ¼ 0.7 and p ¼ 0.9, respectively). D and K: Mean ISI. DOI significantly increased the mean ISI in both M1 and dorsal striatum (*p < 0.05 and **p < 0.01 respectively). E and L: Percentage of spikes that occur in bursts. There was a significant effect of DOI in both M1 and dorsal striatum (*p < 0.05). F and M: Mean burst duration. DOI significantly increased the mean burst duration in both M1 and dorsal striatum (****p < 0.0001 and **p < 0.01 respectively). G and N: Mean burst surprise. DOI significantly increased mean burst surprise in M1 (**p < 0.01) but not dorsal striatum (p ¼ 0.1). For these and all subsequent Tukey box-and-whisker plots, the line within the box is the median score, the edges of the box represent the 25th and 75th quartile, and the whiskers indicate standard deviation above and below the mean. Statistical data are based on the matched-pair Wilcoxon test. increase in delta activity during QR episodes that occurred after DOI administration in both M1 and dorsal striatum (p < 0.05 and p < 0.001, respectively). This effect was significantly enhanced during the HTR (p < 0.05 and p < 0.01 respectively) (Fig. 5J) . In contrast, QR-related theta activity was significantly decreased by DOI treatment in M1 and dorsal striatum (p < 0.01) without further changes during the HTR (Fig. 5K) . No changes were observed in alpha or beta oscillations (Fig. 5L, M) .
Because dorsal striatal neurons exhibit entrainment to highvoltage spindle oscillations (Berke et al., 2004) , which mainly occur during periods of immobility or activation of vibrissae and disappear immediately after initiation of body movements (Shaw and Liao, 2005) , we searched for signs of this paroxysmal activity (mu rhythm between 5 and 12 Hz), but found none. In fact, our analysis of the mu rhythm did not show significant differences during QR either in the basal condition or after DOI treatment (data not shown). These oscillations, however, may be more likely to occur when there is no motivation to act or move, such as when the environment has already been explored (Berke et al., 2004) . Other factors, such as age and strain of animal, also may affect the occurrence of high-voltage spindles (Buzsaki et al., 1988) .
Peri-event spectrograms constructed from LFPs revealed no change in M1 power during QR (Fig. 5F ) or DOI-induced HTR (Fig. 5G) . In dorsal striatum, however, an increase in power occurred during QR (Fig. 5H) , and dysregulated delta oscillations were found during the DOI-induced HTR (Fig. 5I) . Thus, the DOIinduced disruption of LFP activity is more prominent in dorsal striatum than M1 during both QR and the HTR.
Discussion
Three interesting observations emerge from our results: first, DOI dysregulates spike activity in both M1 and striatum by increasing burst firing and the correlated firing between simultaneously recorded neuron pairs; second, DOI disrupts LFP activity between M1 and striatum; and third, delta oscillations increase Fig. 3 . Coincident firing in M1 and dorsal striatum before and after DOI administration. Right: Representative cross-correlation histograms derived from pairs of simultaneously recorded neurons. Broken lines indicate 99% confidence intervals in M1 (top), dorsal striatum (middle), and between M1 and dorsal striatum (bottom) used to identify a significant peak. Left: Distribution of correlated pairs assessed by Chi-square (c 2 ); Fisher's test was used to calculate an exact p value. Significant differences before and after DOI were found in dorsal striatum (c 2 ¼ 13; df ¼ 1, ***p < 0.001; middle) and between M1 and dorsal striatum (c 2 ¼ 8.2 df ¼ 1, **p < 0.01; bottom), but only a trend in M1 (c
during the DOI-induced HTR in both areas but consistently high delta power is correlated with the HTR in striatum.
Dysregulated spike activity
The effects of DOI on neuronal activity in forebrain areas related to behavioral control and known to be involved in psychiatric conditions have been assessed in vitro and in anesthetized preparations. In vitro studies indicate that DOI increases excitatory postsynaptic currents in layer V CPNs of rat prefrontal cortex (Aghajanian and Marek, 1999) . In contrast, studies of anesthetized rats found that DOI inhibited neuronal firing in orbital cortex and striatum (Rueter et al., 2000) , whereas in prefrontal cortex both excitatory and inhibitory effects were recorded (Celada et al., 2008) . Our studies extend this research to behaving animals by assessing the effects of DOI in the corticostriatal motor circuit.
Interestingly, DOI decreased the overall firing rate in both M1 and striatum by increasing the mean ISI without changing variability in the pattern of spikes. Thus, the decrease in firing appeared to be relatively uniform, uncomplicated by increased variability in the timing of individual spikes. Changes in the CV ISI usually reflect a complex spike-train pattern that often indicates increased bursting (Miller et al., 2011) . DOI, however, did not change the CV ISI but increased the mean ISI, indicating that the decrease in firing rate was likely due to a consistently longer interval between spikes. A lack of effect of DOI on CV ISI is consistent with a corresponding lack of change in the rate of bursting. Importantly, however, other parameters of burst activity (e.g., the percentage of spikes in a burst and the mean burst duration) were increased by DOI in both M1 and the striatum, while the mean burst surprise was altered only in M1. Because the Poisson surprise algorithm allows for differentiation between irregular firing, single spikes, and bursting patterns within the same spike-train (Jackson et al., 2004) , the mean burst surprise effect in M1 might reflect changes in bursting not captured in burst rate. For instance, even though DOI decreased spike rate, individual spikes occurred more frequently in a burst, which was denoted by increases in the number of spikes within a burst and the mean burst duration in both M1 (Fig. 2E, F) and striatum (Fig. 2L,   M) . In contrast, only M1 showed a change in mean burst surprise, suggesting that DOI rearranged the burst pattern to include unexpected or "surprising" burst clusters. Changes in cortical firing and bursting activity may alter downstream connections. Accordingly, when we assessed the activity of simultaneously recorded pairs of neurons, we found that DOI significantly increased correlated firing in striatum and produced a similar trend in M1. Correlated firing between M1 and striatum was also increased, indicating that DOI alters neuronal communication between these two brain regions. Interestingly, we previously found increased correlated neuronal activity in response to another hallucinogen, the (±)3,4-methylenedioxymethamphetamine (MDMA) (Ball et al., 2010) . Corticostriatal connectivity plays an important role in the initiation of conscious movements through the basal ganglia motor loop, which effectively propagates information downstream (Kimpo et al., 2003) . Thus, the increase in correlated activity may represent an altered form of information transmission induced by hallucinogenic psychoactive drugs.
Disrupted communication between M1 and striatum
Synchronized corticostriatal LFP activity has been reported in relation to cognitive tasks (DeCoteau et al., 2007) and motor processing (von Nicolai et al., 2014) . DOI, in contrast, has the opposite effect as indicated by disrupted corticostriatal LFP coherence. The decrease in synchrony and phase coherence of delta, theta, alpha and beta oscillations but increase in the low gamma range (Fig. 4) is consistent with a report of DOI-induced decreased EEG oscillations in frontal cortex and striatum of rats with the exception of the alpha band (Dimpfel et al., 1989) . Delta oscillations also have been reported to decrease in response to DOI in frontal cortex (Celada et al., 2008) . In addition, DOI has been reported to increase high gamma oscillations (130e180 Hz) to a greater extent than low gamma oscillations (40e60 Hz) in the nucleus accumbens of freely moving rats (Goda et al., 2013) . Interestingly, an increase in low gamma power in striatum also has been found in response to movement initiation (Masimore et al., 2005) , while high gamma oscillations predominated during running (von Nicolai et al., 2014). The dynamic interplay of low and high gamma oscillations may play a role in motor states. Accordingly, it has been suggested that gamma oscillations help to organize ensembles of synchronously firing neurons (Laurent, 2002) . Thus, the increased coherence of low gamma oscillations induced by DOI could be linked to the increased correlated spike activity we found in M1 and striatum.
The HTR and low frequency LFP oscillations
Rhythmic oscillations in LFP activity play critical roles in various aspects of brain processing, including sensory binding, cognition, as well as movement preparation and initiation . In the corticostriatal system, beta, theta, and gamma are dominant in sensorimotor processing, but their exact function is difficult to define and likely depends on environmental context and behavioral state (Fries, 2015) . Our analysis of the time course of LFP activity indicated a peak increase in power during the first 5 min after DOI administration, the same time as the peak number of head twitches, suggesting that the HTR might be related to changes in LFP power. The LFP changes, moreover, predominate at delta, alpha, and beta frequencies, consistent with evidence of low frequency oscillations during movement (Masimore et al., 2005) . In fact, DOI not only increased delta oscillations in both M1 and dorsal striatum during QR, but further increased delta activity during the HTR. In addition, our LFP coherence analysis suggests that striatum leads M1 (Fig. 4A) . Effective unidirectional connectivity from cortex to striatum has been reported for sleep states and anesthesia (David et al., 2008) , while effective connectivity has been shown to become bidirectional in animals engaged in voluntary movement (Nakhnikian et al., 2014) . Interestingly, in the delta band M1 led striatum during basal conditions, whereas after DOI administration striatum led M1 (Fig. 4C) , suggesting that DOI affects the direction of corticostriatal communication.
Delta oscillations have been linked to the activation of T-type spectrograms in M1 and dorsal striatum during the 2 s period surrounding QR after DOI treatment (J and K, respectively) and the HTR (L and M, respectively). Time "0" denotes the time at which the behavioral event occurred. Note the increase in power at low frequencies in striatum during the HTR. J-M: Power spectral density AUC calculated for delta (1e4 Hz), theta (4e7 Hz), alpha (7e13 Hz), and beta bands (13e30 Hz). Nonparametric one-way ANOVA (Kruskal Wallis) followed by Dunn's multiple comparisons test showed that DOI increased delta power during QR in both M1 and striatum (*p < 0.05 and ***p < 0.001, respectively), which was further enhanced during the HTR (*p < 0.05 and **p < 0.01), while theta power was decreased after DOI treatment without a further change during the HTR in either M1 or striatum (*p < 0.05). No significant differences were found in the alpha and beta bands.
calcium channels (Ernst et al., 2009) , which are involved in mediating calcium influx into cells after an action potential (Perez-Reyes et al., 1998) . Delta activity can be eliminated by genetic deletion of the most conserved pore-subunit (CaV3.1) of this channel (Kim et al., 2001) . Overexpression of this subunit in mice results in absence epilepsy, characterized by intermittent delta activity (Ernst et al., 2009; Gelisse et al., 2011) . In a further link to the HTR-related increase in delta activity, T-type calcium channels have been shown to participate in motor function (Yang et al., 2014) and blocking these channels improves locomotor symptoms in a Parkinson's disease model (Tai et al., 2011) . Apart from a motor component, the HTR might underlie perceptual alterations, delusions, or hallucinations (Nichols, 2004) . Interestingly, delta wave disruptions also have been associated with altered mental states in schizophrenia (Venables et al., 2009) , and the HTR is blocked by antipsychotics (Rangel-Barajas et al., 2014) , including those that act as T-type calcium channel antagonists (Enyeart et al., 1992; Santi et al., 2002; Choi and Rhim, 2010) .
Collectively, these data suggest that elevated delta activity in corticostriatal circuitry is an important component of the DOIinduced HTR. DOI could modulate cellular calcium equilibrium mediated by receptor-linked intracellular signaling pathways or through modulation of T-type calcium channels, increasing delta oscillations observed during DOI treatment and the HTR. Further studies are needed to identify the cellular mechanism by which DOI changes LFP activity. Our behavioral assessments, moreover, did not include potential cognitive and emotional changes induced by DOI, which could also impact the contribution of specific LFP rhythms.
DOI pharmacology and receptors
DOI is a partial agonist of the 5-HT 2 receptor family, which includes 5-HT 2A , 5-HT 2B and 5-HT 2C receptors. This family is positively coupled to phospholipase C (PLC), which increases accumulation of inositol phosphates and therefore increases intracellular calcium (Barnes and Sharp, 1999) . Most atypical antipsychotics, hallucinogens, and some antidepressants, bind to these receptors. Although DOI exhibits the highest affinity for 5-HT 2A and 5-HT 2C receptors (Rangel-Barajas et al., 2014) , ample evidence suggests that 5-HT 2A receptors are required for the DOI-induced HTR. For example, M100907, a 5-HT 2A receptor antagonist, blocked the DOI-induced HTR in mice (Kehne et al., 1996) , and mice lacking 5-HT 2A receptors do not exhibit the HTR, while selective expression of 5-HT 2A receptors in cortical neurons restored this behavior (Gonzalez-Maeso et al., 2007) . Electrophysiological studies have reported that the changes in high frequency gamma oscillations were fully reversed by a 5-HT 2A receptor antagonist and were not affected by a 5-HT 2C receptor antagonist, suggesting that 5-HT 2A receptors are the main site of action of DOI (Goda et al., 2013) . In addition, the DOI-induced inhibition of neuronal firing in orbito-frontal cortex and striatum is not impaired in 5-HT 2C receptor knockout mice (Rueter et al., 2000) , further implicating 5-HT 2A receptors in expression of the HTR.
The effect of DOI in corticostriatal connectivity can be explained by the localization of 5-HT 2A receptors. It has been shown that 5-HT 2A receptors are expressed in M1 CPNs (Weber and Andrade, 2010) , and these receptors can modulate the activity of the corticostriatal intra-telencephalic tract (Shepherd, 2013) , which preferentially targets MSNs. This connection is part of the direct pathway of the basal ganglia (Reiner et al., 2010) , which is involved in the initiation of movement.
5-HT 2A receptors show enriched expression in dorsal striatum and play an important role in sensorimotor-related connections (Ward and Dorsa, 1996; Lopez-Gimenez et al., 2002; Crittenden and Graybiel, 2011) . In fact, alterations in 5-HT 2A receptors have been linked to motor deficits. In Parkinsonian patients, for example, the 5-HT 2A antagonist, ritanserin, improved akinesia and gait (Henderson et al., 1992) , while quetiapine, another 5-HT 2A antagonist, inhibited levodopa-induced motor complications in monkeys (Oh et al., 2002) and improved extrapyramidal movement disorders in schizophrenic patients (Vesely et al., 2000) . Interestingly, although DOI binds to 5-HT 2A but not dopamine D2-like receptors, D2 selective antagonists significantly decreased the DOI-induced HTR (Rangel-Barajas et al., 2014) , suggesting a functional interaction between D2 and 5-HT 2A receptors. It is likely, therefore, that there is an interaction between dopamine and serotonin receptors, probably by intracellular signaling mechanisms or by receptor heterodimer formation.
Conclusions
DOI disrupted the pattern of corticostriatal neuronal firing by decreasing firing rate, altering bursting activity, and increasing corticostriatal correlated firing. Corticostriatal LFP activity was also disrupted by DOI, while the HTR was accompanied by an increase in delta oscillations. Dysregulated corticostriatal communication, perhaps involving dopamine-serotonin receptor interactions, may disrupt downstream information flow that could contribute to the DOI-induced HTR.
